We present an approach to inspect carbon reinforced plastic components which is based on phase retrieval using a liquid crystal spatial light modulator (SLM). The SLM is located in the Fourier domain of a 4f-imaging system and is used to modulate the incident light with the transfer function of propagation. This configuration allows for the recording of consecutive intensity measurements, with the wave field scattered by the investigated object in various propagation states across a common recording plane. In contrast to existing phase retrieval approaches, the measuring time is considerably reduced, since the switching time of the SLM is less than 50ms. This enables non-destructive testing under thermal load. Experimental results are presented which demonstrate that the approach can be used to assess structural properties of technical components made from carbon reinforced plastics.
INTRODUCTION
Optical non-destructive testing (NDT) has been widely used for detecting structural properties of technical components. Most established methods are speckle based techniques e.g., Digital Holographic Interferometry (DHI) 1, 2 , Electronic Speckle Pattern Interferometry (ESPI) 3 and Shearography 4 . The inspection process requires two sequential measurements. First, the intensity arising from the superposition of the wave field scattered from the object under investigation and a reference wave is recorded and the corresponding phase distribution is evaluated by applying phase shifting techniques. This is followed by a second measurement after applying a stress e.g., applying vacuum suction, pressurization or thermal load. Because these effects produce a surface displacement which depends on the homogeneity of the material, one may then conclude on structural features hidden below the surface, such as delaminations, defects or bonded parts, by subtracting the measured phase distributions. However, considerable disadvantages of these techniques arise from the use of the superposition principle which raises high demands regarding the coherency of the light and the stability of the setup.
Recently, we have reported on a new inspection method which makes use of a setup with a liquid crystal spatial light modulator (SLM) as the key element 5 . The SLM is located across the Fourier domain of a 4f-imaging system 6, 7 . Within this approach the SLM modifies electronically the wave field by means of the transfer function of free space propagation which, if evanescent waves can be neglected, is a pure phase function. Accordingly, a set of intensity measurements associated to different propagated states can be captured across a common camera plane. In contrast to existing approaches, the measuring time is considerably reduced which enables NDT by means of phase retrieval under thermal load 5 . The major benefit with regard to the state of the art in NDT is that no reference beam is required during the recording process, thus providing the named benefits offered by phase retrieval to industrial applications based on coherent optical inspection.
In this work, the developed system will be used to inspect carbon reinforced plastic samples under thermal load. For this purpose, the system is used to capture a sequence of 8 intensities which correspond to the propagation of the scattered light into 8 spatially separated recording planes. To recover the phase information associated with the two states, the captured intensities have been subjected to an iterative algorithm based on the method of generalized projections 8 .
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where and denote the Fourier transform and its inversion, and ξ are vectors in the spatial and frequency space and H z is the transfer function of free space propagation which, if evanescent waves are neglected, is given by
with λ denoting the wavelength of the light used. The complex amplitude calculated across the plane m is modified by applying the constraint at that plane. This is done by substituting the real amplitude of the calculated wave field by the square root of the intensity measured at the plane m. Then the modified wave field is propagated to the subsequent plane. If the last plane of the sequence is reached, the wave field is propagated back to the first plane and the process is repeated until no significant change in the phase distributions is observed. The iterative scheme is easy to implement and seems to rapidly converge if a large number of recording planes is involved 15 .
Feature detection using thermal loading
Measuring the deformation of inspected object surfaces due to thermal expansion is a common way to detect features hidden below the surface. Within this method the surface deformations are expected in the range of a few microns when the investigated objects are typically heated by a few Kelvin. One can detect these displacements if the phase distribution of light being scattered by the inspected surface is measured. This is possible because changes in the optical path down to a fraction of the wavelength will have a significant effect on the phase. A common method is therefore to measure the phase distribution at the inspected surface before and after the heating process and then comparing the results by subtracting the two measured phase distributions. Assuming a plane illumination, the measured phase difference Δϕ and the surface displacement vector d are related by
where S is called the sensitivity vector and is oriented along the bisecting line between the direction of illumination and the observation.
EXPERIMENTAL INVESTIGATIONS
In order to inspect the sample of carbon reinforced plastics shown by Fig.2 , it was placed in a distance of 1000mm to a camera objective, which is used to image the object across the front focal plane of the first lens. The object has been illuminated by a coherent plane wave generated by a frequency doubled Nd:YAG with a wavelength of λ=532nm. The speckle size in the CCD plane was adjusted by means of a variable aperture inserted in front of the SLM.
As mentioned above, two phase distributions and , are required in order to inspect the surface under investigation by applying thermal loading. The two thermal states of the object differed by ΔT=24K. To recover each of the phase distributions, a sequence of 8 intensity distributions of the light scattered by the object were captured by means of a CCD array in the sensor domain. The intensity distributions are associated to different propagation states corresponding to a set of recording planes which are separated by Δz=0.5mm along the optical axis. The corresponding transfer functions of free space propagation were generated by means of the SLM in the Fourier domain 5 . Recording the whole set of intensities took less than a second.
An example of the captured intensity at the imaging plane is shown by Fig.3a . The set of captured intensities were subjected to the iterative scheme to retrieve the phase distributions and . As an example, Fig.3b shows . Subtraction of the retrieved phase distributions yields the result presented in Fig.3c . Figure 3d shows metric data calculated by means of Eq.3. It is seen that even the structure of the attached sample is revealed by the measurement. 
CONCLUSION
A new experimental approach to inspect carbon reinforced plastic samples was presented. It is based on recovering the phase information of light scattered by the area under investigation from a set of intensity measurements. Within this approach a reflective phase-only SLM is used to capture a set of intensity distributions which corresponds to different propagated states across a common plane without the need for mechanical translation of the camera sensor. The technique has major advantages with regard to the state of the art. First, no reference wave is required during the recording process. Secondly, in contrast to existing phase retrieval approaches, the measuring time is considerably reduced and no further mechanical adjustment is needed. It is demonstrated that this experimental scheme provides a fast and precise measurement technique for the inspection of materials for many industrial applications, such as quality control, nondestructive testing, and design.
